Germanium (Ge) is resurging as an interesting material for silicon (Si) replacement in metal-oxide-semiconductor field-effect transistor (MOSFET) technology. It presents the highest hole mobility among all known semiconductor materials, being the leader candidate to replace Si in future PMOS devices.
1,2 However, finding an efficient passivation route for Ge is still a challenge. Unlike SiO 2 thermally grown on Si, GeO 2 is thermally unstable in processing temperatures usually employed in device fabrication. 3 Moreover, it is water soluble and hygroscopic. In view of these characteristics, an apparently trivial solution is the replacement of the Ge native oxide by another dielectric material with intrinsically superior physical properties. A higher dielectric constant material is the natural choice aiming at device scaling. Nevertheless, the direct deposition of high-k materials on Ge gave rise to undesirable effects. Atomic layer deposition (ALD) of HfO 2 on a Ge surface after wet chemical treatment resulted in quasiepitaxial growth. 4 Ge incorporation to the dielectric layer was observed with time-of-flight secondary ion mass spectrometry (TOF-SIMS) 5 and was related to an increase in interface trap density. These and other results evidence deleterious effects of the direct deposition of HfO 2 on Ge pointing to the need of interlayers (ILs) between these materials. 6 Different materials were already investigated as potential ILs for dielectric stacks deposited on Ge. La 2 O 3 in conjunction with ZrO 2 caps formed a stable structure on Ge with good electrical properties. 7 Relatively low interface state density values (D it $ 3 Â 10 11 cm À2 eV
À1
) were obtained using Al 2 O 3 ILs. 8 Thermally grown GeO 2 was also proposed to be a good IL for high-k dielectrics deposited by means of ALD. 9 Independently of the passivation strategy, Ge substrate oxidation can occur during deposition of the dielectric material and/or device processing. [10] [11] [12] Thus, understanding (i) the mechanisms involved in the thermal oxidation of Ge and (ii) the related GeO desorption is crucial in order to control the properties of gate dielectric stacks.
Wang and coworkers 13, 14 investigated GeO desorption in detail. They concluded that this process is not a result of the decomposition of GeO 2 itself below 700 C but of the reaction of GeO 2 with the Ge substrate. The absence of GeO desorption from GeO 2 /SiO 2 /Si structures corroborated this conclusion. The consumption of Ge underneath GeO 2 occurs via the GeO 2 þ Ge ! GeO reaction, as evidenced by the decomposition of line-patterned GeO 2 /Ge stacks. Moreover, based on isotopic tracing results, it was demonstrated that Ge and O in the desorbed GeO come from the GeO 2 surface. Estimating the diffusion coefficients of Ge and O in isotopically labeled GeO 2 / Ge structures, it was shown that O presents a much higher diffusivity. Thus, O motion was considered dominant in GeO 2 . Based on all these observations, an oxygen vacancy diffusion model was proposed. According to this model, oxygen vacancies are generated from the interfacial redox reaction between GeO 2 and Ge. Since the equilibrium concentration of oxygen vacancies is much higher for the interfacial region than for the GeO 2 bulk, oxygen vacancies diffuse towards the GeO 2 surface promoting further GeO desorption.
All of these conclusions were drawn from experiments performed in vacuum conditions without the presence of oxidizing agents that could modify the GeO desorption. The use of different oxidizing atmospheres was shown to have beneficial effects on the electrical properties of dielectric/Ge structures amending electrically active defects. Such treatments include the use of wet N 2 , 15 high pressure water treatment using supercritical fluids, 16 post metal annealing in an oxygen/nitrogen mixture, 17 and high pressure (70 atm) O 2 . 18 The observed improvements may be due to the suppression of GeO desorption and to modifications of the original dielectric layer. In view of this scenario, we investigated GeO desorption and other mechanisms involved in the thermal oxidation of Ge in dry oxygen. The main objectives were to identify the influence of oxidation parameters (oxygen pressure and temperature) on the amount of desorbed Ge and to understand oxygen transport mechanisms taking place during Ge thermal oxidation. Starting samples were p-type epiready Ge (100) wafers doped with Ga (Umicore), with a resistivity of 0.24-0.47 X cm. They were first cleaned in an ultrasonic acetone bath, and then followed a cleaning procedure with H 2 O 2 and HCl aqueous solutions. 19 Si (100) samples were cleaned in a mixture of H 2 SO 4 and H 2 O 2 followed by etching in a 40% HF aqueous solution for 1 min. After rinsing the samples in deionized water, they were immediately transferred to load lock chambers. Ge thermal oxidations were performed in a resistively heated quartz tube furnace that was pumped down to 2 Â 10 À7 mbar and then pressurized with O 2 enriched or not to 97% in the 18 O rare isotope (termed 18 O 2 ). Stoichiometric GeO 2 layers were deposited on Si substrates in a remote plasma enhanced chemical vapor deposition (RPECVD) reactor. In order to probe the influence of germanium oxide stoichiometry on its thermal stability, we deposited substoichiometric GeO layers on Si by pulsed DC reactive magnetron sputtering using a Ge target. Deposition parameters were optimized to produce a GeO layer as checked by Rutherford backscattering spectrometry (RBS). Ge desorption during GeO 2 thermal growth was tracked by placing a thermally oxidized Si sample on top of the Ge substrate. 20 Depth distributions of 18 O were obtained by nuclear reaction profiling (NRP) using the resonance at 151 keV in the cross section curve of the 18 O(p,a) 15 N nuclear reaction. 21 18 O and 16 O areal densities were determined by nuclear reaction analysis (NRA) using the plateau regions in the cross section curves of the 18 O 2 pressures. Higher oxidation temperatures resulted in thicker oxide films for samples oxidized under 1 atm. This result is consistent with the acceleration of GeO 2 formation. The right vertical axis corresponds to the equivalent oxide thickness assuming a GeO 2 density of 3.6 g/cm 3 . 22 A contrasting behavior is observed for 100 and 200 mbar. At 600 C, 18 O is not detected within the sensitivity of NRA for these oxygen pressures. This result evidences that besides oxide formation, there is another mechanism taking place in parallel. From previous studies, 13 it is known that GeO desorption occurs in this temperature range. In order to confirm and quantify this desorption, we placed a thermally oxidized Si substrate above the Ge sample in order to adsorb Ge containing species eventually desorbed from the underlying Ge sample. 20 The amount of adsorbed Ge determined by RBS for each oxidation condition is shown in the lower part of Fig. 1 . Higher temperatures and lower oxygen pressures promote GeO desorption. If one calculates the ratio between the amount of Ge adsorbed on SiO 2 (Fig. 1(b) ) and the amount of Ge in the GeO 2 film obtained from Fig. 1(a) , an estimation of the fraction of oxidized Ge that is desorbed can be obtained. For the Ge sample oxidized at 600 C under 1 atm, this fraction is 0.19, indicating that a substantial part of Ge that is oxidized actually desorbs. It is worth to mention that this value is underestimated since Ge species desorbed from the Ge substrate not necessarily adsorb on the Si sample. At 600 C, oxidation in low oxygen pressures (100 and 200 mbar) resulted in the complete volatilization of oxidized Ge, corresponding to the active oxidation regime of the Ge substrate. 13 All these observations evidence the influence of oxygen pressure and temperature in the Ge thermal oxidation process.
Oxygen incorporation and desorption during Ge thermal oxidation were investigated using isotopic tracing. GeO 2 films were thermally grown on Ge using 16 O 2 . These samples underwent a second oxidation step in O 2 , indicating that oxide growth takes place under these oxidation conditions. 16 O originally present in the starting sample is lost: the longer the reoxidation, the higher the 16 O loss. In contrast, increasing 18 O areal densities are observed. These observations show that O originally present in the GeO 2 layer is replaced by oxygen from the gas phase during Ge thermal oxidation.
In order to understand the mechanisms underlying oxygen isotopic exchange, we performed 18 O depth profiling. Fig. 3 shows nuclear reaction data regarding 18 O in GeO 2 /Ge samples. A reference sample was prepared growing a GeO 2 thermal oxide on Ge using 18 O 2 . The others are those of Fig. 2 : Ge substrates oxidized in 16 O 2 followed by a reoxidation in 18 O 2 . Alpha particle yield in the figure is proportional to 18 O concentration; depth in the sample scales with proton O incorporation throughout the previously formed GeO 2 layer. For longer times, higher 18 O concentrations are observed. This observation is in agreement with the diffusion of oxygen vacancies towards the GeO 2 surface which constitute incorporation sites for incoming 18 O from the gas phase. Additional results presented in the following confirm that oxygen vacancies generated in the GeO 2 /Ge interface are responsible for this 18 O incorporation. The longer the reoxidation time, the higher the oxygen isotopic exchange in the GeO 2 layer, in agreement with NRA results of Fig. 2 18 O incorporation, we performed an investigation of the interaction of oxygen from the gas phase with GeO 2 , without or at least with a reduced concentration of such vacancies. For that purpose, we deposited a stoichiometric 10 nm thick GeO 2 layer on SiO 2 /Si by RPECVD. In this way, there is no interfacial redox reaction between GeO 2 and Ge, which is the source of O vacancies in such structures. These samples were annealed in 1 atm of 18 O 2 at 600 C for 1 h. Fig. 4 shows the experimental excitation curve of the 18 O(p,a) 15 N nuclear reaction and the corresponding simulation for this sample. With such a thinner oxide sample, we were able to simulate the excitation curve (with a model that takes into account the ion energy loss as well as other relevant experimental contributions 21 ) and obtain the 18 O profile (also shown in Fig. 4) . 18 O depth distribution shows that, as in the case of GeO 2 /Ge samples, there is also 18 O incorporation throughout the GeO 2 layer. However, this isotope is incorporated in a much lesser extent: around 13% of the O concentration in stoichiometric GeO 2 against 50% in the case of GeO 2 /Ge. It is worth to mention that the GeO 2 /SiO 2 /Si sample was oxidized in 18 O 2 for a longer time: twice the longest reoxidation time of GeO 2 /Ge samples.
The present results evidence that O vacancies play a decisive role in the oxygen transport from the gas phase towards the GeO 2 /Ge interface, incorporating O in the GeO 2 bulk region. The creation of such vacancies is also related to C and (ii) samples prepared with the same conditions but using 16 O 2 followed by a reoxidation step in 18 O 2 for the times indicated in the figure. An estimation of the proton energy corresponding to the GeO 2 surface is indicated by a dashed line. The energy position of GeO 2 /Ge interfaces of the reference sample and of that reoxidized for 30 min are indicated by a solid and a dashed arrow, respectively.
FIG. 4.
18 O profile assumed in the simulation of nuclear reaction data. In the inset is shown the experimental excitation curve (symbols) of the 18 O(p,a) 15 N nuclear reaction and the corresponding simulation (line) for a GeO 2 /SiO 2 /Si sample prepared by RPECVD annealed in 1 atm of 18 O 2 for 1 h at 600 C. A sketch of the sample structure is shown.
the formation of nonstoichiometric Ge oxides at the dielectric surface which are believed to promote volatilization of Ge species. In order to confirm that volatilization is related to the Ge oxide stoichiometry, we performed a desorption experiment. GeO layers were deposited on Si and annealed in N 2 atmosphere. Fig. 5 shows the remaining Ge areal concentrations following annealing as a function of temperature with pressure as a parameter. A clear reduction of the Ge areal concentration is observed. N 2 pressure and temperature have the same influence as in the case of thermal oxidation. The absence of desorption up to 550 C was observed with stoichiometric GeO 2 layers deposited on SiO 2 . 23 These contrasting results evidence the role of the Ge oxide stoichiometry in its thermal stability.
In summary, we investigated oxygen transport during thermal oxidation of Ge and desorption of the formed Ge oxide. Higher oxidation temperatures and lower oxygen pressures promote GeO desorption. A considerable fraction of oxidized Ge desorbs during the growth of the GeO 2 layer, this fraction being a function of oxidizing parameters. This fraction varies gradually with the oxidation parameters in contrast to the sharp transition between oxide growth and semiconductor substrate etching observed for Si thermal oxidation. 24 The interplay between oxygen desorption and incorporation results in the exchange of O originally present in GeO 2 by O from the gas phase, throughout the oxide layer. This process is mediated by O vacancies generated at the GeO 2 /Ge interface which diffuse towards the GeO 2 surface. This mechanism also promotes the formation of a substoichiometric oxide which is the source of GeO desorption. This process can be controlled by varying the O supply at the GeO 2 surface via O 2 pressure. These observations evidence fundamental differences between the thermal oxidation of Si and Ge. In the former case, oxide growth occurs via the interstitial transport of O from the gas through the growing oxide without reaction with the oxide matrix. O exchange was shown to occur only at the SiO 2 surface and at the SiO 2 /Si interface 25 in striking contrast to GeO 2 thermal growth. The present results evidence the central role played by the GeO 2 stability in future PMOS devices based on Ge. Oxygen uptake at the GeO 2 surface can be tuned by varying the conditions of processing steps aiming at healing possible sources of instabilities. Besides this fact, a careful choice of the material deposited on GeO 2 must be done: reduction of 
